Islet transplantation is associated with an elevated rate of early graft failure. The isolation process leads to structural and functional abnormalities. The reestablishment of the cell-matrix relationship is important to modulate the survival and function of islets. Thus, we evaluated the effect of human fibronectin (hFN) and self-assembling peptide nanofiber (SAPNF) in the ability to support islet function in vitro and after transplantation into streptozotocin (STZ)-induced diabetic severe combined immunodeficiency (SCID) mice. Human isolated islets were cultured with hFN or SAPNF for 7 days. Their ability to maintain insulin production/ glucose responsiveness over time was evaluated. Islets embedded in hFN, SAPNF, or alone were transplanted into STZ-induced diabetic SCID mice. Islet grafts were removed after 14 days to evaluate insulin content, insulin expression, and apoptosis. SAPNF-entrapped islets maintained satisfactory morphology/viability and capability of glucose-dependent insulin secretion for over 7 days, whereas islets cultured in hFN underwent widespread deterioration. In vivo grafts containing human islets in SAPNF showed remarkably higher insulin content and expression when compared with human islets in hFn or alone. RT-PCR revealed lower caspase-3 expression in SAPNF islets grafts. These studies indicate that the reestablishment of the cell-matrix interactions by a synthetic matrix in the immediate postisolation period is a useful tool to maintain islet functions in vitro and in vivo.
INTRODUCTION
function (2, 18) . It is therefore evident that the islet, once detached from its natural surroundings within the pancreas and placed in an unfamiliar environment like the Type 1 diabetes mellitus (T1DM) caused by the progressive destruction of insulin-producing pancreatic β-cells culture flask, becomes destitute of normal physiological organization and is exposed to a number of hostile fac-by T-cell-mediated autoimmune responses is a life-threatening disease and dramatically diminishes the quality of tors that cause its early failure (3, 6, 8, 21) . Thus, selection of an appropriate culture method is life of patients (20, 21) . Over the last several decades, islet transplantation has been proposed as a promising vitally important. Moreover, it must preserve physical integrity on a cellular level (21) , maintain function and method to achieve strict control of blood glucose and as a potential cure for type 1 diabetes (12, 16, 18, 20) . Unfor-survival of β-cells (5, 12) , and must be biocompatible for a future clinical application (7) . The extracellular matrix tunately, islet transplantation is associated with a high rate of primary nonfunction. During the isolation pro-(ECM) is arguably the most important component of the islet microenvironment. The ECM is found in two forms: cess, a disturbance of the three-dimensional pancreatic matrix, implying cell-matrix interactions and cell-cell interstitial matrix and basement membrane (BM). Islet BM is composed of collagen IV, laminin, and fibronec-contacts, occurs, causing islet fragmentation and loss of 112 NAVARRO-ALVAREZ ET AL. tin (21) . Fibronectin is a major component of the ECM MO, USA) and then converted to the standard number of islet equivalents (IEQ; diameter standardizing to 150 and a widely distributed glycoprotein used as a substrate to promote the attachment of cells via the RGD motif. µm) (14). For in vitro islet culture CMRL 1066 culture medium supplemented with 10% FBS and 1% of peni-A synthetic ECM, self-assembling peptide nanofibers (SAPNF) (15,24), which is composed by four repeats cillin/streptomycin (Sigma-Aldrich) was used at 37°C, 5% CO 2 gas atmosphere, and 95% humidity in 12-well of alternating hydrophilic natural amino acids (aspartatic acid negatively charged, and arginine positively charged) plates. Human islets were seeded at a cell density of 25 IEQ/well in the following conditions: Cell Culture Insert and hydrophobic amino acids (alanine) (22) [COCH 3 ]-RA DARADARADARADA-[CONH 2 ] provides the property Companion Plates, 12-well (BD Falcon\TM\ Cat. No. 353503) coated with fibronectin and SAPNF, respec-to form an extremely stable beta-sheet structure in water (25) . The water-structuring abilities are able to mimic tively. In brief, 200 µl of hFN (Chemicon International, Cat. No. FC010-5MG), serving as a control, diluted with the in vivo ECM. It is free of any animal product and it has been shown to promote cellular differentiation as PBS at a concentration of 10 µg/ml, was layered on the surface of 12-well cell culture insert plates, placed at well as cell attachment of various cell types, including neuronal cells, fibroblasts, keratinocytes, and trans-room temperature for 1 h for further cell seeding. For SAPNF, 25 IEQ after complete removal of media were formed cells (19,26).
Here we have focused on the use of two ECM-human resuspended in 50 µl of 10% sucrose solution, and quickly combined with 100 µl of SAPNF (1%) (3-D fibronectin (hFN) and SANF-as a supportive islet ECM source due to its presence in the natural islet microenvi-Matrix Japan, Ltd, Tokyo, Japan), and mixed well by gentle pipetting. To promote SAPNF gelation, pH buff-ronment and its synthetic-free animal derivation, respectively. In the current study, we have applied hFN or ering, and scaffold assembly, 50 µl of culture medium was added to the cell/sucrose/SAPNF mixture, gently SAPNF as a first step to identify and optimize the culture conditions for human islets in order to maintain pipetted, and quickly plated onto a 12-well cell culture insert; additional medium was added to the top of the their normal architecture and functionality immediately after isolation. We have investigated whether hFN or mixture and to the bottom of the well containing the culture insert and placed at 37°C and 5% CO 2 . Very SAPNF can support islet transplantation and whether the scaffold enhances islet engraftment and function post-carefully, medium change was performed twice every 15 min to ensure pH adjustment of the SAPNF. transplant.
MATERIALS AND METHODS

Morphological Assessment Animals and Induction of Diabetes
Islets were followed in vitro for 7 days. During the culture time, morphological appearance of human islets Male SCID mice of 10-12 weeks old were used as a was observed using a phase contrast microscope (Olymrecipient of human islet transplantation. Diabetes was pus CK40-SL Japan). induced with an IP injection of streptozotocin (STZ) (200 mg/kg body weight), freshly dissolved in citrate Islet Cell Viability and Survival buffer (pH 4.5).
Aliquots of 25 human islet cells for viability and sur-Blood glucose levels were measured in whole blood vival experiments were cultured for 1, 3, and 7 days in (tail vein) in nonfasting conditions, using a portable glu-CMRL 1066 medium at 37°C in humidified air atmocose meter FreeStyle TM (TheraSense, USA). Diabetes was sphere containing 5% CO 2 . Fluorescence microscopy confirmed by the presence of hyperglycemia, weight was used to evaluate human islet cell viability at the loss, and polyuria. Mice with blood glucose measureend of the incubation period. Live&Dead detection kit ments >350 mg/dl on a minimum of two consecutive (Molecular Probes, Eugene, OR, USA) was used for this measurements were selected as recipients. All animal purpose, according to the manufacturer's instructions. procedures were approved by the Okayama University Human islets were inspected and their individual viabil-Institutional Animal Care and Use Committee and thus ity was determined visually, followed by calculation of within the guidelines of laboratory animals.
their average viability and expressed as percentage of Human Islet Seeding and Culture Conditions the total. The University of Alberta provided human islets, iso-In Vitro Functional Evaluation lated from brain-dead donors. Healthy islets were hand picked under the microscope. The crude number of islets Insulin secretion and insulin content at day 1, 3, and 7 were measured in human islet culture. In brief, human in each diameter class was determined by counting islets after dithizone (DTZ) staining (Sigma-Aldrich, St. Louis, islets were incubated at 37°C and 5% CO 2 for 2 h in KRBB 3.3 mM and then replaced with KRBB 27 mM in Epon, as previously reported (11). Ultrathin sections of the samples were double stained with uranyl, and ob-for 2 h more, and finally exposed to a KRBB 3.3 mM. After each incubation, supernatants were collected and served under TEM. stored at −30°C until measurement of human insulin.
Detection of mRNA Expression Insulin content in cell extracts was performed as previously described (14) and measured by Mercodia Hu-To evaluate the gene expression of insulin and casman Insulin ELISA kit (Mercodia, Uppsala, Sweden).
pase-3 in transplanted human islets, RNA was extracted from the kidneys containing grafted islets with TRIzol Transplantation of Human Islets Into STZ-Induced (Invitrogen) reagent according to the manufacturer's in-Diabetic SCID Mice struction. Human pancreas was used as a positive control. Reverse transcription (RT) was performed at 22°C After diabetes was induced, and confirmed, a marginal dose of 200 human IEQ was transplanted under for 10 min and then at 42°C for 20 min using 1.0 µg of RNA per reaction, to ensure that the amount of ampli-the subrenal kidney capsule embedded in SAPNF, hFN, or alone (n = 3). Human islets were resuspended with fied DNA was proportional to those of specific mRNAs in the original samples, using specific primers. The follow-10% sucrose solution (Supelco, Bellefonte, PA, USA, and SAPNF 1%, mixed well by gentle pipetting, and ing specific primers used were: insulin (179 bp)-sense 5′-TCACACCTGGTGGAAGCTC-3′, antisense 5′-ACA immediately after PBS was added to promote SAPNF gelation; the mixture was injected under the subrenal ATGCCACGCTTCTGC-3′; caspase-3 (944 bp)-sense 5′-TGATGATGTGGAAGAACTTAGG-3′, antisense 5′-kidney capsule. Two hundred human IEQ were resuspended in 200 µl of 10 µg/ml PBS-buffered hFN or ACGGCTCCGCACCTGCTGAGGC-3′; GAPDH (359 bp)-sense 5′-AGCCACATCGCTCAGACACC-3′, anti-alone and injected under the subrenal kidney capsule.
The purpose of the transplantation experiments with sense 5′-GTACTCAGCGGCCAGCATCG-3′. The PCR products were resolved on 1% agarose gels human islets was not to recover mice from diabetes status, but to test the effect of either SAPNF or hFN in the and visualized by ethidium bromide staining. The human GAPHD served as an internal control for the effi-survival and functionality of human islets under stress conditions such as the diabetic status; thus, we used a ciency of mRNA isolation and cDNA synthesis. marginal dose of 200 IEQ.
Statistical Analysis Immunostaining
Mean values are presented with SDs. A two-tailed Student's t-test was used to calculate the significance of Kidney-bearing grafts obtained from the mice transplanted with human islets were removed at 14 days after difference in mean values. For multiple comparisons, the one-way ANOVA was used. A value of p < 0.05 was transplantation, fixed with 20% formalin, and embedded in paraffin. Sections (5 µm) were prepared for immuno-considered statistically significant. fluorescence staining for human insulin expression using RESULTS polyclonal guinea pig anti-insulin (DakoCytomation) as primary antibody and followed by PE-labeled anti-SAPNF Maintained Human Islet Integrity and Viability guinea pig as previously described (13). Green fluores-In Vitro cent nuclear counterstaining was used for all samples.
To investigate the protective effects of ECM on The presence of human insulin was visualized by a conislets, human isolated islet cells were cultured with focal laser-scanning microscope (LSM510; Carl Zeiss). SAPNF or hFN. SAPNF during in vitro culture worked against the dispersion of islets and helped them to main-Islet Graft Evaluation for Insulin Content tain their integrity while in culture. Under microscopic The islet graft was surgically removed from the kidobservation, the islets were smooth and round with a ney, and insulin content from the cell extract was meaclear edge in this culture conditions ( Fig. 1a-c) . On the sured by ELISA as previously described (14); data were other hand, human islets cultivated in hFN had a tennormalized by µg DNA content.
dency to adhere to the bottom of the dish, and gradually lost spherical shape, disintegrating during culture in a Transmission Electron Microscopy (TEM) time-dependent manner ( Fig. 1e-g) . Fluorescence microscopy was used to determine the proportion of dead For TEM, the islet grafts were fixed first in 2.5% glutaraldehyde in 0.1 M PB, and then in 1.0% OsO 4 in cells within islets. The number of dead cells was reduced when islets were cultured in the SAPNF. The cul-0.1 M PB (pH 7.2). The samples were dehydrated through graded concentrations of ethanol and embedded ture of the cells in SAPNF significantly maintained the percentage of viable islets from 92 ± 0.46% on day 1 to showing an insulin stimulation index one-to twofold lower than islets in SAPNF ( Fig. 2Fig. 2a ). Moreover, 79 ± 0.4% even on day 7 (Fig. 1b, d, i) , while islets cultured in hFN showed a viability of 91 ± 0.46% on the total insulin release by these islets was extremely reduced, around four to fivefold, compared with islets in day 1 that by day 7 decreased to 43 ± 0.01% of viable cells (Fig. 1f, h, i) . SAPNF (Fig. 2b) . These data clearly demonstrated that when islets are not place in the right environment in SAPNF Culture of Human Islets Remained Glucose order to mimic as much as possible their in vivo niche Responsive Over Time to have the appropriate signaling to promote their functionality, islets fail to function in a few days of culture. The earliest indicator of β-cell stress, which precedes the onset of apoptosis, is glucose responsiveness. To
In contrast, islets cultured in SAPNF at various time points demonstrated a moderate degree of glucose re-study glucose responsiveness in human islets, a glucose challenge study was performed on day 1, 3, and 7 on sponsive preservation and insulin production. On day 7, they still responded to elevated glucose, although much both groups. Throughout the 7-day period of study, the islets that were under hFN culture conditions demon-reduced compared with basal values, with markedly higher levels of insulin output compared to hFN culture strated a profound loss in their ability to release insulin in response to high levels of glucose. Thus, by day 7 islets (Fig. 2b) . Finally, we found that the insulin content even on day 7 of SAPNF culture islets was 79.88 ± 4.22 islets failed to respond significantly to any stimulation, ng/IEQ in contrast with hFN culture islets contained (Fig. 3b) . Similar results were observed with islets transplanted alone (data not shown). These macroscopical re-29.27 ± 4.97 ng/IEQ (Fig. 2c) .
sults were correlated with an analysis of the total insulin SAPNF-Embedded Human Islets Preserved Insulin content of the graft performed at 14 days posttransplan-Expression and Were Less Apoptotic During tation; insulin content was two-to threefold higher in the Posttransplant Engraftment Period Compared SAPNF human islets than human islets transplanted ei-With hFN-Embedded Islets ther alone or with hFN ( Fig. 3c ). Ultrastructural analysis of SAPNF human islets grafts In order to evaluate the effect of ECM in the survival, insulin content, and expression of human islets in vivo were closely connected revealing the presence of healthy alpha, beta, and delta cells, which presented high elec-during the posttransplant engraftment period, we transplanted human islets embedded in hFN, SAPNF, or tron density secretory granules and well-formed mitochondria and rough surfaced endoplasmic reticulum alone under the subrenal capsule of chemically induced diabetic SCID mice. Islets grafts were harvested at 14 ( Fig. 4a-c) . In contrast, islets alone and hFN human islet grafts presented cell dispersion and non-well-defined days in each cohort and processed for insulin immunofluorescence, insulin content, ultrastructural analysis, islet-like morphology (data not shown). In addition, to investigate the resistance of human islets to apoptosis in and RT-PCR analysis.
Macroscopically, grafts on day 14 were larger in vivo, hFN-or SAPNF-embedded islets or islets alone were transplanted into chemically diabetic SCID mice mice that had been transplanted with islets embedded in SAPNF than islets transplanted with hFN. This observa-and grafts were harvested 24 h posttransplant and processed for quantitative RT-PCR to verify expression of tion was validated by immunostaining ( Fig. 3a) , which showed large compact grafts of islets strongly stained the apoptotic molecule caspase-3 and insulin (Fig. 4d,  e ). Human islets transplanted alone and hFN human is-for insulin, indicated by a red signal. For comparison, grafts from islets transplanted with hFN on day 14 were lets strongly expressed caspase-3 and considerable less insulin expression compared to SAPNF human islets. smaller and showed scattered islets stained for insulin 
DISCUSSION
nance of the islet-specific function in culture requires a basement membrane-like matrix as a scaffold (9). Here we have defined a new strategy using a synthetic peptide Islets are highly differentiated cells in the normal pancreas; however, once isolated, they quickly lose their scaffold as a basement membrane to preserve the transplanted β-cell mass (21) . According to our results in differentiated phenotype (18) . The maintenance of the differentiated function of the isolated islets is a crucial vitro, cells were functional and viable for a considerable period of time. The insulin production from islets in issue in the outcome of islet transplantation. Therefore, preventing the loss of transplanted islets is not only cru-vitro has often been measured as an indicator of the islet function. In our study, islets culture in SAPNF main-cial to improving the outcome of the graft but also to reduce the amount of islet tissue required to achieve nor-tained insulin responsiveness intact for 7 days, although decreasing in a time-dependent manner, as is the normal moglycemia and to optimize the number of transplants that can be performed with the current limited supply behavior of the islet once depleted from its native surroundings. This means that SAPNF facilitated the spher-of islets. The surrounding environment actively affects differentiated characteristics of islets and the mainte-ical aggregation of the islets and allowed the mainte-nance of cell-cell contact and cell-matrix interactions. to perform in vivo experiments. Because the renal subcapsular space is a well-established site for islet trans-It already has been reported that such interactions in islets coordinately modulates certain transcription factors plantation in rodent models, we used this site for transplantation experiments with the purpose of evaluating and allows the cultured islets to perform sophisticated functions (9,10,21). In fact, islets cultured in hFN, serv-islet engraftment by means of insulin expression, insulin content, and resistance of islets to apoptosis. They were ing as a control, showed a disruption of the architecture a few days after culture with the consequent lost of insu-divided into three groups: transplantation of islets alone, hFN-embeded human islets, or SAPNF-embedded hu-lin secretion in response to glucose stimuli in a timedependent manner ( Fig. 2a-c) . man islets. SAPNF grafts using human islets significantly maintained the capacity of insulin expression and Several researchers have shown that loss of islet cell mass through apoptosis occurs rapidly after islet isola-the insulin content was higher compared to islets transplanted with hFN or alone. Histologically, larger clusters tion (1). However, the higher total insulin observed in the islets cultured with SAPNF, compared with hFN-of transplanted islets were observed in the SAPNFtreated group 14 days posttransplantation. One explanation cultured islets, could be indicative of increased cell survival and/or suppression of cell death mediated by could be that SAPNF can provide an adequate environment for transplanted islets in vivo to form three-dimen-islet-SAPNF interactions. SAPNF have been shown to support cell survival, growth, and differentiation of sional structure while maintaining cell-cell interactions, as well as cell-matrix interactions; in the ultrastructural stud-many kinds of cells. However, further studies need to be done to determine the mechanism of these outcomes.
ies healthy and well-interacted cells were observed ( Fig.  4a-c) . Moreover, we did not observe any inflammatory The above-mentioned in vitro results encouraged us 
